Abstract-The aim of this work was to design and implement a mechanism supporting collaborative sensemaking in a system of multiple mobile devices implementing spatial awareness. The design is based on an observation how people tend to manage and organize information in physical space. The developed mechanism attempts to determine the relation between atomic elements of information basing on relative position of these elements in time. The proposed solution is based on a simple Fuzzy Inference System and the theory of Fuzzy Cognitive Maps. Physically, the system was implemented for three tablets, for which spatial awareness is simulated with the use of motion tracking system. The system was evaluated in a user study.
I. INTRODUCTION
I N the modern world, human beings and technology have to coexist on daily basis. One of the aspects of this coexistence is how people perceive information using technology. As life is getting faster, the amount of information reaching a person is increasing. Due to that, the mechanisms used to absorb all this information have to become more and more effective. When people are facing information, they have to somehow perceive and understand what this information means -this process is called sensemaking, from "making sense" of information. There exist many techniques to support this process -one of most common examples is underlining the important parts in a text -it simplifies cognition and hierarchizes the information. Another habit many people have, a technique that underlies the following work, is using physical space to support sensemaking -for instance, a student learning for an exam puts the notes in a certain order on the floor, creating a physical space of knowledge -they may guess what each pile of notes contains basing on where it is on the floor. As it was stated, nowadays people use technology, e.g. mobile devices as smartphones and tablets, to explore data and deal with information. There is an emerging need to create technological solutions that will be able to support data exploration processes such as sensemaking. This work is another step forward to obtaining solutions that will help people understand information they see. It was initially inspired by the pace of experiments in this field, and is basing on the earlier step in the work âȂŞ a multi-device, spatially-aware interface that was designed to support sensemaking. The goal of this project is to design and develop mechanism for analysis of spatial data management in multi-device system. The mechanism is based on a complete weighted graph. The design is inspired by the theory of Fuzzy Cognitive Maps (FCM). The graph reflects mutual relations between atomic elements of information in a set of hints given to solve a problem.
A. Motivation
The pace of world development poses new challenges in the field of Human-Computer Interaction. People nowadays use mobile devices at all times, and it is not strange to spot a person carrying more than one of them, for example a tablet and a smartphone. It is also more frequent to use mobile devices during meetings, so there is a need for solutions in the field of collaborative sensemaking. The previous work, focusing on the use of spatial awareness in an interface for mobile devices, gave promising results for further development [1] . In the course of work in this area, an idea of implementing the methods of artificial intelligence arose.
II. RELATED WORK
The following work covers the areas of data exploration, in particular collaborative sensemaking. It also benefits from the preceding work and insights in the fields of multi-device environments and spatially-aware systems. The original approach, consisting of implementation of AI methods, bases on the theory of Fuzzy Cognitive Maps.
A. Data exploration
As stated before, technological development requires addressing new challenges in the field of gaining knowledge and understanding the information. One of important issues is how to answer the situation of data exploration in everyday situations. As one of the aspects of ad-hoc data exploration, Fjeld et al. [2] raised the issue of "big data" present in public space -which means that the load of information in this area is rapidly increasing. What lays in connection to that, a considerable part of this information load may be inaccessible to most people. They considered possible designs for ad-hoc data exploration and proposed tangible tabletops as one of possible solutions, with an insight of future technology development for interactive environments. However, this solution assumes introduction of a new equipment to public spaces, where they can serve as data exploration tools. On the other hand, Weise et al. [3] investigated how the issue of data administration, exploration and analysis should be addressed in the age of ubiquitous computing. They suggested connecting it to the local infrastructure, both in terms of human awareness and environmental sensing.
B. Multi-device environments
As it was mentioned, situations when users have several mobile devices to work at the same time can often be encountered. Currently available applications, however, do not provide solutions by which users can benefit from the interactions between the devices they use, i.e. cross-device interactions. The subject of multi-device environments was considered for a long time. Bilezikjian et al. [4] explored how the interactions with handheld devices may look like, although they were not commercially available. Blackwell et al. [5] investigated the issue of tangibility in the context of mobile devices. Cauchard et al. [6] discussed the concerns and opportunities for visual aspect of mobile multi-display environments. In Conductor [7] , Hamilton and Wigdor presented a framework for examining the scenarios of crossdevice interactions. They provide functionalities to split the aspects of performed task between several mobile devices. They also elaborated possible usage scenarios for the system, demonstrating their way of understanding cross-device interactions in task-specific domain. The study performed using the developed multi-device system demonstrated that using several connected devices is highly useful to perform certain tasks. Most of the participants made use of multiple devices and of the functionalities enabling them to easily transfer information across devices. The Pass-them-around [8] , [9] system developed by Lucero et al. showed that providing people with the functionality of sharing content between their personal devices may lead to enrichment of interactions between users. Cassens et al. [10] proposed a taxonomy for the term cross-device interactions. They introduced the dimensions of ownership, distance and access to classify those interactions. They discussed this classification in the context of the work published in this field. Finally, they proposed a definition: "Cross-device interaction (XDI) is the type of interaction, where human users interact with multiple separate input and output devices, where input devices will be used to manipulate content on output devices within a perceived interaction space with immediate and explicit feedback." In general, the past research in the field of multiple device ecologies demonstrates that once cross-device interactions are implemented and enabled, users adapt to the new environment and benefit from these interactions. This proves, as it was raised in many of the papers, that further exploration of this field is necessary and promises a valuable contribution to our future life.
C. Spatially-aware systems
Space and awareness of space is of great importance for human perception of surrounding world. Hall developed a theory describing the relation between spatial arrangement of people and their social behaviours and emotions. Chen and Kotz [11] included spatial awareness as an important aspect of context-aware computing. Some past research show that space may also have a vital impact on understanding and learning processes [12] . There was also some investigation concerning how transferring the perception of space to technology may help users interact with data.
In MochaTop [13] , WoÅžniak et al. made a step forwards to understand how spatial combinations of two devices can be used for data exploration. They focused on a single user scenario for ad-hoc interactions, basing on an assumption that a couple of a smartphone and a tablet is more and more often carried by users. They designed and implemented several spatial-based interactions for exploring complex structures of data.
Their study showed that users find it useful to make space one of the input sources in data manipulation. Spindler [14] , [15] , [16] proposed a way of extending the interaction space into the third dimension. In this work, users are in disposition of several spatially-aware tangible displays to interact with virtual objects present on a central tabletop. This work demonstrated the potential of employing explorable 3D space for visualizations. By direct translation of spatial position to visualization input, he created a tool for intuitive exploration of several types of complex data sets.
The field of extending the interaction space of one mobile device was also investigated. AD-binning [17] , which is an abbreviation from Around-Device Binning, is a mobile user interface that allows users organize data spatially outside of the device space. The concept consists of creating virtual zones (bins) around the device. The system tracks relative position of user's finger and the device and thus makes it possible to put pieces of information from the screen into these zones. The motivation of designing such solutions is, as stated by the authors, extending the interaction space due to insufficiency of that space on the screen of a mobile device. The premise that the design of user interfaces for multiple mobile devices should be based on spatial awareness of those devices was discussed by Rädle et al. [18] . They divided cross-device interactions into three groups: (i) spatially agnostic, (ii) based on synchronous gestures and (iii) spatially-aware. Spatially agnostic interactions may be menu-based with some kinds of user-perceivable device identification. Interactions based on synchronous gestures are triggered by simultaneous interaction with two of more devices. Eventually, spatially-aware interactions are based on relative arrangement of devices. The study conducted to compare them demonstrated that in most cases, spatially-aware interactions between devices are expected by the users. However, similarly to the Ballendat's conclusion about proxemics, Rädle et al. clearly emphasise that the way in which spatially-aware interactions should be designed is not yet fully explored and requires further investigation.
1) Hardware for spatial awareness: There are many attempts to find technical solutions for spatial awareness of mobile devices. There are approaches that may benefit both the further examination of spatial interactions, as well as those which may be applied in real world.
HuddleLamp [19] provides a solution for creating ad-hoc Another emerging direction is embedding the sensing in the environment. An effort was made recently to develop tomography-based table for spatial positioning of devices [20] . This solution is based on the change in electrical capacitance triggered by mobile devices, which usually consist of magnetic elements. This approach gives promising results from the very beginning, yet it is in early stage of development.
D. Fuzzy logic
Fuzzy logic is a form of mathematical logic where the variables may not only be 0 or 1, which is true or false, but may be any real number from this interval [21] . This makes it possible to mathematically introduce the concept of something being partially true. For linguistic variables, a membership function can be introduced to manage the degree of truth [22] . This membership functions characterize various sub-ranges of a continuous variable. By the process of fuzzification, it is possible to map the input value of a variable to its membership function, and therefore obtain a more accurate result than with the use of crisp logic. The concept of fuzzy logic is used in many applications. For instance, Zadeh [23] proposed a methodology for computations using very imprecise information, where words are used instead of numbers. This approach requires the use of fuzzy logic and fuzzy set and promises very effective solutions for many problems. Another very interesting work in the field of fuzzy logic and sets, fitting closely to the scope of this project, is the theory of fuzzy information granulation proposed by Zadeh [24] . This work elaborates the human reasoning system in the point of view of automatisation using fuzzification and granulation.
E. Fuzzy cognitive maps
The concept of Fuzzy Cognitive Maps was proposed by Kosko [25] as a structure to represent causal reasoning. The theory is based on an observation that in knowledge processing, most of the relations, including classification and causality, are uncertain and imprecise. Fuzzy Cognitive Maps are graph structures, where the nodes of the graph represent causal objects or concepts, and the edges represent mutual relation between these concepts. The concept of FCM is based on the theory of cognitive maps introduced by Polish scientist Axelrod [26] for representing social scientific knowledge. Papageorgiou [27] stated that "Fuzzy cognitive maps (FCMs) are a modeling methodology based on exploiting knowledge and experience." This concept has been successfully applied in many fields, including political decisions [28] , modeling 1 www.ellypticlabs.com electrical circuits [29] or organisational behaviour [30] . Most of the implementations of FCMs require expert in the process of map design, but Aguilar reveals in his survey [31] that there are attempts to develop FCMs automatically from raw data. This survey also shows a wide range of possible applications, covering both causal and non-causal relationships with imprecise information.
III. THEORETICAL BACKGROUND
The design and implementation of the proposed mechanism poses several challenges. The first is the determination of mutual position of two atomic elements of information in the space. This is possible thanks to the motion tracking system, which sends the position of each device configured as a rigid prop. The information given by the system is translation versus the origin of global coordinate system and the rotation in Euler angles. On the other side, the device sends the position of a post-it on its screen. Basing on this, a matrix calculus enables determining the position of each post-it in the global coordinate system.
The most important part is the model of the data set, containing information about the mutual relation between set elements. A concept responding well to the needs of this project is Fuzzy Cognitive Map. Therefore, the entire data set was modeled in the system in a form of complete weighted graph. Some implementations of FCM are used to describe causal relations, and for this purpose directed graphs are used. In the case of this design, the aim was simply to reflect the strength of mutual relation between each two elements âȂŞ the atomic elements of information are represented as graph nodes, and the weight of the edge connecting two nodes represents the aforementioned strength of relation.
In this model, it was also extremely important to reflect the imprecise nature of the relations. This was obtained by using FCM, not the original concept of Cognitive Maps. In the model, the weight of the node is any number from 0 to 1, where 0 âȂŞ no relation, 1 âȂŞ strong relation. This makes it possible to show the user not only which elements are related, but also give them hints which of them are related stronger than others.
IV. MODELLING THE RELATIONS
The class InteractionModel manages all the position data concerning both the devices and the resources in form of textual hints. The original approach in using this positional information is used to determine the numerical values in the weighted graph. A complete weighted graph containing 31 nodes is implemented in form of an array. The positions of each resource in global coordinate system are updated basing on data from tablets and motion tracking. In order to do that, Java library used for matrix calculus is used. The server calculates the distance between the resources. The distance is normalized to scale 0-10 basing on maximum distance in the current step. Then, the normalized distance is passed to mechanism that uses fuzzy logic. To implement fuzzy logic rules, a Java library jFuzzyLogic [32] , [33] was implemented in the project. It uses Fuzzy Control Language to implement the fuzzy system and a interface to use the system in Java. The output variable, which is the change in relation, is returned after evaluation of the system. The weights in the graph are changed according to the response of fuzzy system, and then the weights in the entire graph are normalized to interval 0-1, basing on the maximum and minimum value of relation found in the graph. If the user chooses to display relations of one of the post-its by clicking it, the InteractionModel returns the related post-its (i.e. which have relation strength with the chosen one different from 0) along with the weight of the graph edge.
V. STUDY AND RESULTS
The method of evaluation of the developed solution is a user study. User study is a well known method in HumanComputer Interaction. It is a way to experimentally test a hypothesis. It can test a variety of measures, for example user experience, efficiency, accuracy, in general both qualitative and quantitative performance of a system. There are several procedures of planning and running user studies [34] . In this project, two systems are tested to determine the potential difference in their performance from the point of view of a user:
• A system supporting static relations between elements • A system supporting adaptive relations between elements based on interaction of the user
A. Experimental procedure
The hypothesis of the study is that the system offering adaptive relation feedback may have a positive impact on the effectiveness of the solution. The study is divided into two parts: in one, the study apparatus is the simplified version of the system with static relations to have baseline results, in the other one, current implementation is used in order to measure the differences. The study in each case consist of several parts. In both stages, the system was set up in an isolated environment. Participants were informed on the purpose of the study and instructed on the task and how to use the system. Then they were asked to solve the mystery. The time for solving the mystery was approximately 30 min. After that, they were shortly debriefed on the functionalities of the system and overall opinion about the proposed solution.
B. Task description
The task in the study was to solve a crime mystery. In the data set, there were 31 hints containing information about places, events and people. The questions that were to be answered included: the person of murderer, the time of murder, the place and the motive. The preliminary fact is that Mr Kelley was murdered. The questions to be answered involve the person who killed, the place, time and the motive of murder. The structure of the task is complicated: there are several people, some of which have nothing to do with the crime under investigation. The evidence is uncertain and the information about the place inconsistent. To show the difficulty of the task, it is enough to quote the prepared answer: "After receiving a superficial gunshot wound from Mr. Jones, Mr. Kelley went to Mr. Scott's apartment where Mr. Scott killed him with a knife at 12:30 AM because Mr. Scott was in love with Mr. Kelley's wife". The study task was based on a criminal mystery from a book prepared for teaching collaboration skills [35] .
C. Study results: static relations system
In the first stage of study, with the version of the system supporting static relations established among atomic information elements, n = 16 participants in 8 pairs (aged 24-61, µ=37, 9 males, 7 females) were asked to complete the task ( Figure  1 ). They completed the task in mean Task Completion Time (TCT) of 21 minutes and 18 seconds, with standard deviation of 3 min 55 sec. At this stage, the relations in the system were predetermined, basing only on text analysis of the hints. The system supported highlighting related hints and displaying a time line -an ordered connection between hints containing temporal information. 
D. Study results: adaptive relations system
The second stage of the study was performed with the use of current implementation of the system. In this study, n = 8 participants in 4 pairs (aged 15 − 23, µ = 21, 5 males, 3 females) were asked to solve the crime mystery (Figure 2 ). For the purpose of this stage, the same crime mystery with exactly the same hints was used. Participants came with the proper response in mean time of 19 minutes 41 seconds, with standard deviation of 4 min 49 sec.
E. Discussion of the results
As the main quantitative measure of the results the Mean Task Completion Time (MTCT) was chosen, which expresses the average TCT achieved by pairs in each study stage. The results of the performed study reveal a slight difference in MTCT in favor of the new system (Table I ). It is difficult to say basing on this results whether or not this difference is statistically significant. However, basing on simple analysis of the obtained times, it can be stated that the direction chosen in the development of the system, consisting of applying AI methods such as fuzzy logic and FCM is proper and should There are also many voices concerning the decision on implementing such solution on tablets instead of, for instance, one big tactile table. This is actually a discussion beyond this project, because people working on several tablets are more likely to meet in ad-hoc real-life situations than around a huge interactive tabletop. In the current implementation of the system, users generally agreed with the idea of determining relations, and they noticed the intuitive way of displaying it to the user in form of different, more light or dark, shades of one color. The idea of such a solution arose on the basis of preliminary study, where participants were asked to complete the task using pieces of paper. An observation was made then on how people use physical space to organize information. This subject was further investigated and the preliminary ideas for design were published in a workshop paper. This triggered the development of a system based on Fuzzy Inference System and Fuzzy Cognitive Maps. The solution presented in this work is another step towards supporting human cognition with the use of modern technology. The system translates the mutual spatial position of atomic elements of information, which are hints leading to solution in a crime mystery, into their mutual relation, and afterwards allows the user to display these relations, which should enhance the process of making sense of information.
F. Directions for future work
The main direction for future work on this project is an attempt to determine the parameters of the system -both in terms of FIS and FCM. This means further study how exactly should the relation change basing on the input data to give best results. Another area of further development is to find which other information that can be obtained from the analysis of spatiotemporal data in the system should have an impact on the strength of relation. The latter thing mentioned is very intriguing both from theoretical and experimental point of view. It also leads to the last, but not least planned future stage of development of the system. This should be an attempt to generalize the solution to a wide range of problems -so that it can support the sensemaking process with minimal expert knowledge in terms of initial state and parameters of the system.
VI. CONCLUSIONS
In the course of this work, a mechanism supporting collaborative sensemaking with multi-device spatially-aware system was elaborated. This work was preceded by profound research in the field of user interfaces in multi-device environments and was mainly motivated by an emerging need of implementing advanced processing methods in HCI. The results of the user study, compared with the results obtained with the system which did not support adapting the mutual relations basing on user interaction, give a promising insight into the future of such solutions and prove that this step already taken is a step in the right direction. This work needs to and will be further developed.
